Eight national standards for absorbed dose to water in 60 Co gamma radiation at the dose levels used in radiation processing have been compared over the range from 1 kGy to 30 kGy using the alanine dosimeters of the NIST and the NPL as the transfer dosimeters. The comparison was organized by the Bureau International des Poids et Mesures, who also participated at the lowest dose level using their radiotherapy-level standard for the same quantity. The national standards are in general agreement within the standard uncertainties, which are in the range from 1 to 2 parts in 10 2 . Evidence of a dose rate effect is presented and discussed briefly.
Introduction
At its meeting in May 2007, Section I of the Consultative Committee for Ionizing Radiation (CCRI) proposed a supplementary comparison of the high-dose standards for absorbed dose to water in 60 Co gamma radiation among the national laboratories operating standards and services in this field. This comparison, denoted CCRI(I)-S2 and organized by the Bureau International des Poids et Mesures (BIPM), follows a similar comparison carried out in 1999 [1] . Part of the motivation for a new comparison was published evidence of a dose rate dependence in alanine dosimetry [2] .
Eight laboratories offering high-dose irradiation services took part in the comparison: the Czech Metrology Institute Inspectorate for Ionizing Radiation (CMI-IIR, Czech Republic), the Istituto Nazionale di Metrologia delle Radiazioni Ionizzanti (ENEA-INMRI, Italy), the Laboratoire National Henri Becquerel (LNE-LNHB, France), the National Institute of Metrology (NIM, China), the National Institute of Standards and Technology (NIST, USA), the National Physical Laboratory (NPL, UK), the High Dose Reference Laboratory of the Danish Technical University (Risø-HDRL, Denmark) and the Institute for PhysicalTechnical and Radiotechnical Measurements, Rostekhregulirovaniye of Russia (VNIIFTRI, Russian Federation). All laboratories hold primary standards with the exception of the CMI-IIR and the Risø-HDRL, who hold secondary standards traceable to the BIPM and the NPL, respectively. In addition, the BIPM, although it does not offer a high-dose service, took part at the lowest dose level (1 kGy) to provide a direct link to the international reference for absorbed dose to water in 60 Co. Two transfer dosimeters were used for the comparison; the alanine/ESR dosimetry system of the NIST [3, 4] and that of the NPL [5, 6] .
High-dose standards and transfer dosimeters
For each of the participants, the basis of the 60 Co standard for absorbed dose to water and the means of transfer of the dosimetry to an industrial irradiator are summarized in Table 1 . Also given in the table are the nominal dose rate and the combined relative standard uncertainty u lab of the mean absorbed dose to water D w over the dimension of each alanine transfer dosimeter, as stated by each laboratory. The detailed uncertainty budgets are given in Appendix I. [14, 15] a No irradiator employed; alanine transfer dosimeters irradiated directly in 60 Co reference field. b The CMI-IIR is traceable to the BIPM through radiotherapy-level calibration. c For the NIST irradiation of the NPL alanine, two dosimeters (one at 1 kGy and one at 30 kGy) were irradiated using a second irradiator in which the dose rate is 0.6 Gy s -1 . d The Risø-HDRL alanine dosimeter system is directly traceable to the NPL. e The VNIIFTRI standard is a polystyrene calorimeter operating directly at high dose levels. The conversion to absorbed dose to water uses tabulated mass energy-absorption coefficients.
The NIST alanine dosimeters for use in 60 Co are supplied in watertight cylindrical holders 12.3 mm in diameter and 29 mm in length, each vial containing four pellets. The relative standard uncertainty associated with the calibration of the NIST alanine dosimeters is 0.9 % and the dosimeter-to-dosimeter reproducibility, relevant to its use as a transfer dosimeter, is 0.4 %. The NPL alanine dosimeters are also supplied in cylindrical holders, 11.5 mm in diameter and 17 mm in length; these are not normally watertight but can be made so on request. The relative standard uncertainty associated with the calibration of NPL alanine dosimeters is 1.2 % and the reproducibility is 0.5 %.
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Comparison procedure
A protocol for the comparison was issued in December 2008 and each national laboratory sent information on its irradiation protocol to the NIST and the NPL (via the BIPM) in advance of the irradiations. Each laboratory was sent, in late January 2009, eleven alanine transfer dosimeters from the NIST and eleven from the NPL. Of each set of eleven, two were irradiated to each of four nominal dose levels: 1 kGy, 5 kGy, 15 kGy and 30 kGy (note that, in order that the comparison remains blind, laboratories were instructed to give doses in the region of, but not precisely equal to, the nominal dose levels). Of the three remaining control dosimeters for each set, two were irradiated before issue (to 1 kGy and 15 kGy) and the third remained unirradiated. For the BIPM, a similar arrangement was used, but because of the low dose rate of the reference 60 Co radiotherapy-level field at the BIPM irradiations were only feasible for the 1 kGy dose level.
Irradiations at all laboratories took place in the three-week period beginning 9 February 2009. The dosimeters were returned immediately to the issuing laboratories with information on irradiation temperatures but no information on dose estimates. All laboratories sent their irradiation dose estimates to the BIPM for analysis, along with information on the basis of the dose and uncertainty estimates. The issuing laboratories sent their measured alanine doses to the BIPM by the end of April 2009.
The irradiation geometry was not specified in detail in the protocol; each irradiating institute used their normal arrangement. This policy was adopted so that the dose estimates be representative of those routinely disseminated by each institute, rather than modified for the purpose of the present comparison. All laboratories other than the ENEA-INMRI, CMI-IIR, NIM and the BIPM employed a laboratory-scale self-shielded irradiator. The ENEA-INMRI irradiated the dosimeters in a large pool-type irradiation facility and the CMI-IIR in a small industrial facility. The NIM and the BIPM irradiated the alanine dosimeters in a water phantom under their reference conditions in 60 Co.
Results and discussion
The results are given in Tables 2 and 3 for the NIST and NPL dosimeters, respectively. The dose estimates include a correction for differences from the stated reference temperature (correcting upwards for temperatures below this value). The results using the NIST dosimeters are summarized in Figure 1 , expressed for each dosimeter i as the ratio R i,NIST of the irradiating laboratory dose estimate relative to the NIST estimate for that dosimeter. The uncertainty bars represent the combined standard uncertainty of the laboratory and the NIST dose estimates. Despite evidence for the CMI-IIR and the ENEA-INMRI of a systematic difference for each pair of dosimeters at a given dose level, such differences are within the stated uncertainties and no deviations from unity larger than the expanded uncertainty (k = 2) are observed. The results for the Risø-HDRL closely match those of the NPL, to whom the Risø-HDRL is traceable. The results for the CMI-IIR at the 1 kGy dose level are consistent with those of the BIPM, to whom they are traceable.
For each of the four dose levels, the relative standard deviation of the results for R i,NIST is in the range from 1.3 % to 1.7 %. Recalling the values for the standard uncertainty u lab given in Table 1 , this level of agreement is consistent with the stated standard uncertainties. Nevertheless, there is evidence of a trend with dose level, particularly for the laboratories with relatively low dose rates (the CMI-IIR and the NIM). This behaviour is discussed in [2] . Similar conclusions can be drawn from the results for the NPL dosimeters, shown in Figure 2 , although the trend with dose level is less marked. The consistency of the NPL and NIST results can be studied by evaluating the ratio R NPL,NIST as the ratio of the mean value of R i,NIST to the mean value of R i,NPL for each laboratory at each dose level, as shown in Figure 3 . Here, the uncertainty bars represent the combined standard uncertainty of the NPL and NIST alanine dosimeters and do not include a component of uncertainty arising from the measurements at the participating laboratories. The results for each dose level, with the exception of those of the NIM, form a self-consistent set; there is evidence of a slight systematic effect with dose level amounting to around 1 % in total. The results for the NIM show a possible systematic difference in the treatment of the NPL and NIST dosimeters. Nevertheless, there is no significant deviation from unity in the ratio R NPL,NIST . 
CIPM MRA and equivalence
In the BIPM key comparison database [16] 
and the expanded uncertainty U i of each D i evaluated using the coverage factor k = 2. The uncertainty for each laboratory includes the laboratory standard uncertainty u lab from Table 4 and shown graphically in Figure 4 . 
Discussion and conclusions
The results demonstrate that the national high-dose standards of the participating laboratories are in general agreement within the standard uncertainties, which are in the range from 0.7 % to 2.2 %. Nevertheless, for those laboratories with an absorbed-dose rate that is low in relation to the dose rate at which the alanine dosimeters are calibrated, there is evidence of a trend in the 7/18 results with dose level. This effect has been seen in previous work [2] and is demonstrated by the analysis presented in Figure 5 . Here, the parameter S for each laboratory represents the slope, in percent per kGy, of the values for R i,NIST from Figure 1 , and separately for R i,NPL from Figure 2 , as a function of the irradiation dose. These values for S are plotted as a function of the irradiation dose rate relative to the alanine calibration dose rate. While the use of simple linear fits over the range from 1 kGy to 30 kGy to derive values for S is appropriate in view of the statistical uncertainties, it should not be inferred that the effect continues linearly at higher dose levels.
It is clear from Figure 5 that a systematic effect is present, although the statistical uncertainties do not permit one to distinguish the functional form of the effect. In particular, while it is tempting to postulate an effect that progressively increases as the irradiation dose rate is reduced with respect to the calibration dose rate, the proposition of Desrosiers and Puhl [17] of a threshold effect cannot be excluded. In this scenario, a threshold exists in the region of 1 Gy s -1 to 2 Gy s -1 . If both dose rates are above or both are below this region, no effect will be observed. However, if this threshold region falls between the irradiation and calibration dose rates, an effect will be observed. For the lowest irradiation dose rates in the present work, around 0.2 Gy s -1 , the dose-rate effect can produce systematic errors of up to 4 % for irradiations at the 30 kGy level. The following information is presented essentially as it was received from the participants.
BIPM
Uncertainty budget
Relative standard uncertainties expressed in parts in 10 a The uncertainty budget for the reference dose rate is given Pressure and temperature correction: type A: n.a. type B: 0.25% (this uncertainty does not contribute to the combined uncertainty of absorbed dose).
ENEA-INMRI
Uncertainties in absorbed dose delivered to the alanine dosimeters. 
LNE-LNHB
The calculation of the uncertainty associated with the dose delivered using the high dose irradiator is detailed in the following table.
Component of uncertainty (k=1) for dose delivered to dosimeters using Gammacell 220 
Source of uncertainty
VNIIFTRI
Full statement of the standard uncertainty (1 σ) including: -absorbed dose measurement: The dose to water for each dosimeter was calculated from: D W = P W (T rad + T trans ); P W -dose rate to water: P W = (μ en /ρ) W /(μ en /ρ) ps *P PS = 1.023*P PS ; P PS -dose rate to polystyrene; T rad and T trans -time of irradiation and effective transit time;
The value of P PS was measured by calorimeter with cylindrical polystyrene absorber Ø 22 x 22 mm (with effective mass M eff = 9.118 g). Signal is measured by copper-constantan thermal battery which surrounds the absorber. The calorimeter has a wire heater for electrical calibration. P PS = U tb / (K (1 -ξ) ), where U tb -signal of thermo battery, ξ -thermal defect (for polystyrene ξ = (0,4 ± 0,3) %), K -calorimeter sensitivity which is determined at calibration using electrical wire heater: 
